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Abstract 
Experimental study on proton exchange membrane (PEM) electrolyzer was carried out 
focusing on the effect of pore structural properties of current collectors, such as porosity 
and pore diameter. Various titanium (Ti)-felt substrates with different porosities and 
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pore diameters (measured by capillary flow porometry) were used as the anode current 
collector. Results show that when the mean pore diameter of the current collector was 
larger than 10 μm, the electrolysis performance improved with decreasing pore 
diameter. In contrast, changes in porosity had no significant effect on the cell 
performance when the porosity exceeded 0.50. The flow pattern of two-phase flow in the 
flow channel was discussed in terms of its relationship to bubble size and to pore 
diameter of the current collector. Finally, correlation between the calculated membrane 
resistance and the measured pore diameter of the current collectors suggest that larger 
bubbles generated from larger pores tend to become long bubbles in the channel, thus 
hindering the water supply to the membrane. 
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1. Introduction 
Hydrogen production linked to renewable sources is a critical process for 
establishing a “hydrogen society” with zero environmental impact. The integration of 
renewables (hydro, wind, photovoltaic) with water electrolysis is an attractive option to 
achieve such a society [1,2]. A proton exchange membrane (PEM) water electrolyzer has 
recently attracted attention because of its wide range of current density and high conversion 
efficiency [3-6].  
 The configuration of a PEM electrolyzer is similar to that of a PEM fuel cell 
(PEMFC) in that it consists of a membrane electrode assembly (MEA), current collectors, 
bipolar plates with flow channels, bus plates, manifolds, and end plates. The current 
collector is a porous medium placed between the MEA and bipolar plate at both 
electrode sides. The two major roles of a current collector are similar to those of gas 
diffusion layers (GDLs) of a PEMFC, namely, electric conduction between the electrode 
and the bipolar plate and efficient gas transport from the electrode to the flow channels. 
In a typical PEMFC, carbon paper or carbon cloth is used as the GDL at both sides of 
the electrodes. However, in a PEM electrolyzer, carbon material cannot be used for 
either the oxygen electrode (anode) or for the GDL (i.e., current collector), because the 
potential of the anode during electrolysis operation is so cathodic that carbon material 
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tends to corrode. Thus, in a PEM electrolyzer, the anode current collector is typically 
titanium (Ti) in the form of sintered porous media, expanded screen mesh, or felt 
(unwoven fabric).  
 At the anode of a PEM electrolyzer, liquid water is transferred through the 
current collector from the flow channel and dissociated into molecular oxygen. Produced 
oxygen gas diffuses back to the flow channel by diffusion through the anode current 
collector. Liquid water acts as a reactant in the anode reaction while simultaneously 
humidifying the membrane to maintain high proton conductivity. If the produced 
oxygen cannot be removed efficiently, the anode channel will be blocked, thus limiting 
the mass transport. Therefore, efficient mass transport of liquid (water) and gas 
(oxygen) through the anode current collector is crucial for stable operation of a PEM 
electrolyzer. Despite its importance, however, correlation between electrolysis 
performance and the properties of the current collector such as porosity, pore size, and 
hydrophobicity, has not been extensively studied. Grigoriev et al. [7] presented an 
optimization of the current collector from the view point of mass transport. Based on 
their experimental data using a porous plate of sintered Ti-powder, they determined 
that the optimum pore size of a current collector is 12-13 μm. However, a definitive 
correlation between cell performance and pore size has not yet been clearly presented. 
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Hwang et al. [8] carried out electrolysis experiments using unitized reversible fuel cells 
(URFCs) with different Ti-felt current collectors, and concluded that when the mean 
pore diameter (MPD) of a porous current collector is smaller than about 60 μm, 
electrolysis performance is not noticeably affected by changes in either the 
polytetrafluoroethylene (PTFE) content or porosity, whereas when the MPD > 100 μm, 
cell performance is degraded at a high current density (>0.5 A/cm2). In a previous study 
[9], we focused on the flow pattern of two-phase flow in the flow channel and 
investigated the relation of flow pattern and electrolysis performance. 
 At the cathode, hydrogen gas is produced and diffuses through the current 
collector to the flow channel. Contrary to the anode reaction, the cathode reaction does 
not require liquid water, although liquid water is transferred (by electro-osmosis) from 
the anode and is accompanied by protons in the membrane. Thus, hydrogen gas and 
liquid water are simultaneously transported to the channel through the current 
collector during electrolysis operation. Because the activation overpotential of the 
cathode reaction is small [10,11], the effect of the properties of the cathode current 
collector on the cell performance is limited. 
Similar to the anode of a PEM electrolyzer, the anode of a direct methanol fuel 
cell (DMFC) has simultaneous mass transport of the supply of liquid reactant and the 
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release of gas product through the porous media. In a DMFC where carbon paper or 
carbon cloth is used as the GDL the same as in a PEMFC, carbon dioxide (CO2) 
generated at the anode diffuses through the GDL and flows into the channel flow of 
methanol. The two-phase flow of methanol and CO2 gas in the anode channel has been 
visualized using a transparent DMFC [12-20]. Argyropoulos et al. [12,13] noted that 
carbon paper is not suitable as a GDL of a DMFC due to its poor gas removal properties, 
whereas carbon cloth has relatively good gas removal properties. Lu and Wang [15] also 
concluded that carbon cloth is more suitable than carbon paper for GDL and that CO2 
bubbles produced by hydrophilic carbon cloth are more uniform and smaller than those 
produced by hydrophobic carbon cloth. These flow visualization studies on DMFC 
generally revealed that the minimum bubble size is comparable to the size (i.e., width or 
depth) of the channel (~1 mm) and thus, dispersed bubbly flow is rarely observed and 
the presence of slug flow in the channel leads to a smaller effective mass transport area 
between methanol and the GDL and to degradation in cell performance. 
In this work, the effect of pore structural properties (i.e., porosity and pore 
diameter) of the anode current collector on the performance of a PEM electrolyzer was 
investigated experimentally. Various Ti-felt substrates with different porosities and 
pore diameters (measured by capillary flow porometry) were used as the anode current 
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collector in a PEM electrolyzer. Electrolysis performance was measured for each cell 
set-up. Results revealed that the measured pore diameter of the current collector was 
correlated with cell performance and with ohmic resistance of the cell. 
 
2. Experimental 
2.1  PEM electrolysis  
The experimental set-up of the PEM electrolyzer and the balance of plant 
(BOP) used in this present study has been described previously [9]. This electrolyzer 
was a small single cell (27 cm2) that had the commonly used PEMFC configuration, 
consisting of a membrane electrode assembly (MEA), porous current collectors, and 
separators (bipolar plates) with flow channels. The MEA used here was designed for a 
URFC and was developed by Takasago Thermal Engineering Co. and Daiki Ataka 
Engineering Co. For the MEA fabrication, catalytic electrodes were hot pressed to both 
surfaces of the membrane (Nafion 115). An iridium oxide (IrO2) and platinum (Pt) mixed 
electrocatalyst was used for the oxygen electrode, and a Pt catalyst was used for the 
hydrogen electrode. Carbon paper (Toray TGP-H-090) with a porosity of 0.78 was used 
for the current collector of the cathode. Table 1 summarizes the types of Ti-felt prepared 
and used as the current collectors. First, three types of Ti-felt of different fiber diameter 
8 
 
( φ ) and porosity ( ε ) were prepared, in which A1 and A3 had the same φ (20 μm) and 
A1 and A2 had the same ε  (0.75). Then, to change their pore structure ( φ  and ε ), 
three substrates (B1-B3) were prepared by loading Ti-powder (20 μm average diameter) 
onto bare substrates of A1-A3. The Ti-powder loading process was similar to 
conventional carbon-powder MPL loading for GDL of a PEMFC, that is, a slurry 
containing PTFE, Ti-powder, distilled water and a surface active agent was prepared by 
mixing with an impeller blade-type mixer, and then spread onto the substrate using a 
bar coating machine. (The wt% ratio of Ti-powder and PTFE binder in the slurries was 
99 to 1.) The B1, B2, and B3 substrates were then dried at 180°C for 30 min to 
evaporate the remaining solvent, and finally sintered at 360°C in vacuum condition for 
1 hour. In the cell set-up, the flow field of the bipolar plates at both sides was 26 
channels in parallel and each channel had a square cross-sectional area of 0.01 cm2 [9].  
The cell temperature was controlled by a thermocouple inserted in the body of 
the cell and by electric heaters on the cover plates of the cell. De-ionized liquid water 
was circulated by an accumulator, pump, preheating tank, flow meter, and flow control 
valve. Theoretically, water must be supplied only to the oxygen electrode side, because 
water molecules move along with protons to the hydrogen electrode during electrolysis. 
In the present experiments, however, water was circulated at a flow rate of 25ml/min at 
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both sides of the electrodes to prevent membrane burn-out caused by lack of water. 
Two-phase flow of gas and liquid was released from the exit of the cell at both electrodes, 
and the produced gas (H2 and O2) was separated from liquid water at the respective 
accumulators. DC power for the electrolysis was supplied and controlled by a power 
supply (PAN16, Kikusui). Finally, the cell voltage (V) was measured at each current 
density (i) during PEM electrolysis for each cell set-up. In addition, the present PEM 
electrolyzer could be also operated as a PEMFC, because the MEA was customized for a 
URFC. In the FC experiments using these cells, the cell ohmic resistance was observed 
in situ using the AC impedance method as previously described [8]. 
 
2.2  Capillary flow porometry  
The pore diameter of the porous current collectors was measured using 
capillary flow porometry (CFP) as an ex-situ measurement as follows [21-23]. A sample 
of the porous media was soaked in a liquid that spontaneously fills the pores. Dry gas at 
a given flow rate was then introduced into the prewetted substrate. Removal of the 
wetting liquid from the pores was not spontaneous, however. The equilibrium 
relationship between the surface tension of the liquid (i.e., capillary pressure) and air 
pressure (Fig. 1A) was used to calculate the pore diameter ( pd ): 
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p
4 cosBd
P
γ θ
=       (1)  
where B  is the capillary constant, γ  is surface tension, θ  is contact angle, and P  
is applied gas pressure. The capillary constant is a tortuosity factor and set at 0.715 in 
the present measurement as the same as the American Society for Testing Material 
Committee (ASTM) [21]. When the wetting liquid has very low of γ  and θ , then 
cos 1θ ≈ . Based on Eq. (1), the lowest pressure of gas flowing is required to empty the 
largest pore. Therefore, there would be no gas flow through the substrate containing 
liquid-filled pores, and the gas begins to flow when the pressure is increased to a value 
sufficient to empty the largest pore. This breakthrough point is considered the bubble 
point. Further increase in gas pressure would empty the smaller pores and increase the 
gas flow rate, according to the wet flow curve (Fig. 1B). Here, the dry flow curve was 
obtained using a completely dry substrate, and the half-dry flow curve was calculated 
from the dry curve and was half of the flow rate through the dry sample at any given 
pressure (Fig 1B). The maximum pd obtained from the gas pressure of the bubble point 
and Eq. 1 is called the bubble point diameter (BPD), and the gas pressure at the 
intersection of the half-dry flow and wet flow is the mean pore diameter (MPD). 
 In this study, the BPD and MPD of the Ti-felt substrates used for the anode 
current collectors were measured using the CFP apparatus (Model 1200AEL, PMI) and 
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the above described procedure. An agent (Fluorinert, 3M) with a low surface tension 
(=16mNm-1) was used for the wetting liquid. Dry air flowed through the substrate in the 
though-plane direction. Table 1 lists the measured BPD and MPD. 
 
3. Results and discussion 
3.1  Polarization characteristics of electrolysis 
Figures 2A and 2B show the measured i-V characteristics during PEM 
electrolysis with different anode current collectors:  bare Ti-felt (A1, A2 and A3) and 
Ti-powder loaded Ti-felt at 0.20 g/cm3 (B1-2, B2 and B3). Although an MEA customized 
for a URFC was used here, the cell performance during electrolysis was fairly good. For 
all the collectors studied here, changes in ε  (A1 and A3 in Fig. 2A, and B1-2 and B3 in 
Fig. 2B) had no significant effect on the cell performance. However, V of A2 (Fig. 2A) and 
B2 (Fig. 2B) was significantly higher than that for the other collectors, about 25-30 mV 
at around 1.0 A/cm2, and was beyond the range of experimental reproducibility (±5 mV). 
In the B1 series (B1-1 – B1-3) and in B2, previously reported SEM images of the Ti-felt 
substrate revealed that the loaded Ti-powder did not form a layer covering the substrate 
but instead intruded into the bulk of the substrate [24,25]. Therefore, in the present 
study, Ti-powders were relatively uniformly distributed not only in the in-plane 
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direction but also in the through-plane direction of the current collectors of the B1 series 
and of B2. Even though the loading procedure for the Ti-powder was similar to that for 
MPL for the GDL of PEMFC, the density of Ti powder was relatively high compared to 
the viscosity of the slurry and pd of the bare Ti-felt substrates of A1 and A2 was larger 
than the powder diameter (~20 μm). This intrusion of Ti-powder into the Ti-felt 
substrate explains why the MPD of B1 and B2 changed only slightly with Ti-powder 
loading, whereas ε  decreased (Table 1). In particular, the MPD and BPD of B1-2 were 
larger than B1-1. It must be caused by the quality unevenness of Ti-felt substrate, 
namely, the original substrate of Ti-felt of B1-2 had relatively large pores though φ  
and ε  were the same as the A1. The pore size distribution of Ti-felt was measured with 
the mercury intrusion porosimetry (MIP). Based on MIP data of A1 and B1s, we could 
observe only slight decrease of the main peak around 40-60 μm by the loading of 
Ti-powder, though a increase of meso-pore (0.05-7 μm) volume was detected [24]. In the 
case of B3, the loaded Ti-powder formed a layer on the Ti-felt substrate, because both 
pd  and ε  of the bare Ti-felt substrate (A3) were small. The MPD of B3 decreased 
significantly compared to that of A3. Therefore, the pore size distribution in 
through-plane direction of B3 (Ti-powder loaded Ti-felt) might differ from that of the B1 
series and B2. Nevertheless, comparison of Figs. 2A and 2B reveals that the i-V 
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characteristics were influenced more strongly by pd  (i.e., MPD and BPD) of the anode 
current collector than by the pore structural difference caused by the Ti-powder loading. 
In our previous study [8], Ti-felt without Ti-powder loading was treated with 
PTFE emulsion (10 and 20 wt.%) and had a loaded PTFE amount of about 75 and 150 
mg/cm3 based on the outer geometric dimension of the Ti-felt substrate. These 
PTFE-coated Ti-felt substrates were used as the anode current collector in cells during 
electrolysis experiments. No noticeable difference was detected in the performance of 
these cells with that of cells with untreated Ti-felt substrates. In our current study, the 
PTFE loading in Ti-powder loaded substrates ranged between 1.0 and 3.0 mg/cm3, 
which is far lower than that in our previous study [8]. However, because all of the cells 
in our current study used MEA designed for an URFC, they can also be used as fuel cells. 
The cell ohmic resistance was observed in situ during FC operation using the AC 
impedance method at the same cell temperature (80°C). As we reported [24,25], the cell 
resistance depended on the humidification condition of the supplied gases during FC 
operation, and under the same humidification condition, loading of Ti-powder and PTFE 
onto the Ti-felt substrate had no effect on cell resistance. 
Based on these results, changes in pd  of the porous current collectors affect 
the cell performance, as reflected by both the BPD and MPD of A2 and B2 being 
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significantly larger than those of the other substrates (Table 1). Figure 3 A and 3B show 
the plot of V (at i = 1.017/cm2) versus BPD and MPD, respectively. It was suggested that 
there is a close relationship between cell performance and pd  of the anode current 
collectors, though the data are rather scattered. As described above, the meso-pore 
volume (0.05-7 μm) was increased by the loading of Ti-powder [24]. However, we could 
not observe certain effect of meso-pores on the electrolysis performance. In addition, the 
cell performance improved with decreasing pd  when the MPD > 10 μm, which agrees 
with the tendency reported by Grigoriev et al. [7]. 
 
3.2  Flow pattern of two-phase flow in the channels 
Based on our experimental results, this section discusses the relationship 
between cell performance and the flow pattern of the two-phase flow in the flow channel 
of the anode bipolar plate. 
Despite considerable differences in the reported definition of two-phase flow 
patterns in channels [26-37], it is generally agreed that flow regimes consist of 
dispersed bubbly flow, slug flow, churn flow, and annular flow. Such typical flow regimes 
in these channels are schematically shown in Fig. 4, including plug flow as a transition 
flow (Fig. 4b). In the dispersed bubbly flow (Fig. 4A), liquid flowing in the channels is in 
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the continuous phase while gas is dispersed in the continuous liquid phase as discrete 
small bubbles, when the bubble size ( bd ) is smaller than the channel diameter ( chand ). 
Plug flow (Fig. 4B) is the transition from bubbly flow to slug flow and consists of 
elongated bubbles whose bd > chand . This flow pattern has also been referred to as slug 
flow [26], elongated bubble flow [27], wedging flow [28], and confined bubble flow [29]. 
As the mass flow rate of gas is increased (which leads to increasing void fraction), 
bubbles develop into a bullet shape as slug flow (Fig. 4C), where bd  >> chand . Churn 
flow (Fig. 4D) is formed by the breakdown of these large bubbles in the slug flow, and 
the gas flows in a more chaotic manner through the liquid with oscillatory or time 
variant characteristics. In annular flow (Fig. 4E), gas phase becomes continuous flow in 
the core of the channel, and the liquid flows only along the walls of the channel as a 
film.  
In general, the flow pattern of two-phase flow can be categorized by the 
superficial velocities of the gas and liquid ( Gj  and Lj , respectively), which can be 
calculated as follows: 
G G L G
L G L L
( )
( )(1 )
j G G x
j G G x
= + ρ 
= + − ρ 
     (2) 
where GG   and LG  are the mass fluxes of the gas and liquid, Gρ  and Lρ  are the 
densities of gas and liquid, respectively, and x  is the quality of the two-phase flow 
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defined as follows at an arbitrary location along the channel: 
 G
L G
Gx
G G
=
+
     (3) 
In our previous study [9], the flow pattern was compared and analyzed using the flow 
map presented by Mishima and Hibiki [30]. To investigate the relation between flow 
pattern of two-phase flow and pore diameter of current collector, in the present study, 
the flow pattern was analyzed in more detail by doing an extended survey of literature 
[26-37] in terms of mini-channels, whose channel diameter ranged from 0.5 to 2.0mm. 
For mini-channels, under the same given Gj  and Lj , the flow pattern for vertical flow 
is quite similar to that for horizontal flow [32,33]. This similarity indicates that 
compared to the effect of buoyancy, the effect of surface tension is predominant in 
mini-channels of this size [26,29].  
Figures 5A and 5B compare the flow regime map presented by Mishima and 
Hibiki [30] and that by Ide et al. [33] and by Cubaud and Ho [28], respectively. Mishima 
and Hibiki obtained the map based on experiments with vertical upward flow in circular 
channels whose diameters were 1.05 and 2.05 mm [30]. Ide et al. [32,33] obtained the 
map based on similar experiments as Mishima and Hibiki, except the channel 
diameters were 1.0, 2.4, and 4.9 mm. Cubaud and Ho [28] observed flow in horizontal 
rectangular channels whose square cross-sectional height (and width) was 0.2 and 0.525 
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mm. In the anode channel of a PEM electrolyzer, the quality at the channel exit (xexit) 
can be calculated per channel as follows [9]: 
2
2
O
exit
circ cons drag O
G
x
G G G G
=
− − +
    (4) 
where 
2O
G  is the mass flux of produced oxygen gas by the anode reaction, circG  is the 
mass flux of circulating water through the channel, consG  is the mass flux of consumed 
by the anode reaction, and dragG  is the mass flux of the water “dragged” by 
electro-osmosis. Table 2 summarizes the detailed definitions of 
2O
G , circG , consG , and 
dragG . Here, Gj  and Lj   at the channel exit of electrolyzer were calculated using Eqs. 
2 and 4, assuming that x changes linearly along the channel from zero to xexit. Figure 5 
also shows the calculated Gj  and Lj  in the anode channel of the electrolyzer during 
electrolysis at i = 0.2, 0.5, 1.0, 2.0, and 3.0 A/cm2. Based on the flow map and the 
description by Ide et al. [32,33] and Cubaud and Ho [28], dispersed bubbly flow (Fig. 4A) 
can be observed only under a limited condition, namely, at high liquid flow rate and low 
gas flow rate (represented by the upper-left region in Fig. 5). In general, transition from 
plug flow to slug flow is not clear, because at these flow patterns the bubble length (lb) 
gradually increases with increasing mass flow rate of the gas. Triplett et al. [26] did not 
define plug flow, and Ide et al [33] (Fig. 5A) and Coleman and Garimella [27] merged 
plug flow and slug flow into an intermittent flow. The wedging flow defined by Cubaud 
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and Ho (Fig. 5b) is nearly equal to the plug flow noted here (Fig. 4B). Comparison of 
flow regime maps shown in Figs. 5A and 5B reveals that the bubbly flow defined by 
Mishima and Hibiki [30] contains plug flow, and therefore dispersed bubbly flow might 
exist only near the inlet in the anode channel of the electrolyzer. As shown in Fig. 5, the 
flow regime of oxygen and water in the anode channel in our current study was 
apparently plug flow over almost the entire flow field when i < 1.0 A cm-2, and became 
slug flow near the exit of the channel when i > 2.0 A cm-2.  
 As described in Sec. 1, the two-phase flow of gas and liquid observed at the 
anode channel of a PEM electrolyzer can be observed at the anode channel of a DMFC, 
and visualization of this two-phase flow (using CO2 as the gas and methanol solution as 
the liquid) has been reported in several studies [12-20]. In general, the mass transfer of 
liquid from a channel to an electrode is significantly hindered by the residence of long 
bubbles (slugs) in the channel. Argyropoulos et al. [12] and Lu and Wang [15] discussed 
the relationship between the properties of GDL (corresponds to the current collector of 
the electrolyzer) and the flow regime in a channel. They pointed out that the 
detachment diameter of bubbles ( b-detd ) released from the porous current collector is 
crucial for the flow regime. Theoretically, b-detd in an open water pool when gas is 
injected through an orifice can be predicted by an equation given by Wallis [38,39] as 
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( )
1/3
p-ori
b-det
L G
2
2
d
d
g
 γ
=  
ρ − ρ 
    (5) 
where p-orid  is the orifice diameter, and g is gravity, Using the physical properties of 
water and oxygen at 80 °C in Eq. (5), the calculated b-detd  is 0.61 mm for p-orid =10 μm, 
0.88 mm for p-orid = 30 μm, and 1.32 mm for p-orid = 100 μm. These theoretical estimates 
are comparable with the observed data for DMFC with a carbon paper GDL [12,15]. In 
addition, considering the principle of CFP as described in Sec. 2.2, dp measured by CFP 
corresponds to p-orid  that releases the bubbles. The length of a bubble (slug) in the 
channel (lb) must increase with increasing b-detd  injected in the channel flow. 
Considering the flow regime, the difference in b-detd  can affect the transition from plug 
to slug, that is, the large bubbles that detach from large pores tend to induce the 
transition from plug to slug at lower mass flow rate of the gas, as discussed by Song et 
al. [40] and Guet et al. [41]. This tendency corresponds to a shift in the boundary of plug 
and slug to the left in the flow regime map. Several studies of DMFC [15,16,18] suggest 
that an increase in lb leads to an increase in the bubble coverage on the surface of the 
current collector. A long slug might restrict the continuous supply of liquid water 
through the current collector to the electrode, eventually hindering the mass transfer of 
water. Consequently, the dependence of cell voltage on dp (BPD and MPD) shown in Fig. 
3 can be explained by the bubble diameter detached from the current collector (i.e., 
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b-detd ) and the degree of bubble coverage on the surface of the current collector.  
 
3.3 Curve fitting and estimation of proton conductivity of the membrane 
The mass transfer of liquid water to the electrode surface might be restricted 
by bubbles in the channel. Thus, a lower water supply can be assumed to decrease the 
water content in the membrane and thus increase the cell resistance, because proton 
conductivity of a PEM depends on the water content. Because we could not prepare an 
instrument for the cell impedance measurement at that time, the cell resistance could 
not be observed directly during electrolysis. Therefore, we estimated it by fitting the i-V 
curves as follows.  
In this work, we applied a simple model for PEM electrolysis developed by 
Garcia-Valverde et al. [11] to fit the i-V curves. The overall expression of the model is 
( )rev ele ion
A 0,A C 0,C
ln lnRT i RT iV E R R i
zF i zF i
   
= + + + +      α α   
   (6) 
where Erev is the reversible voltage for water electrolysis, z is the stoichiometric 
coefficient for transferred electrons, αA, αC and i0,A, i0,C are the charge transfer coefficient 
and the exchange current density of the anode and cathode, respectively, Rele and Rion are 
the electronic and ionic contribution to the resistance losses, and R, T, and F have their 
usual meaning. In this model, we did not consider the limiting current density, because 
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the effect of mass transport limitation was not observed in the i-V characteristics in our 
present study. The Erev at atmospheric pressure was determined by using an expression 
by LeRoy et al. [42,43]: 
3 5 8 2
rev 1.5184 1.5421 10 9.523 10 ln 9.84 10E T T T T
− − −= − × + × + ×  (7) 
In water electrolysis, z = 2, and in our present study, α was assumed to be 0.5, the same 
as in the study by Garcia-Valverde et al. [11]. The second and third term of right-hand 
side of Eq. (6) denote the activation overpotential of the anode and cathode, respectively. 
Because i0,C >> i0,A at usual electrodes of a PEM electrolyzer using Pt catalyst for the 
cathode [10], the activation overpotential of the cathode (the second term) can be 
neglected. The fourth term is the ohmic overpotential consisting of the electronic and 
ionic resistances (Relei and Rioni, respectively). As mentioned in Sec. 3.1, cell resistance 
could be observed during the FC mode of the URFC. In the present cell set-ups, Rion is 
apparently predominant compared to Rele. Because Rion is actually governed by the 
proton conductivity of the PEM, it is denoted as Rmem. Eq. (6) can thus be rewritten as 
[11]  
rev mem
0,A
ln
2 0.5
RT iV E R i
F i
 
= + +  × ×  
   (8) 
Under the constant temperature (80 °C) in our experiments, i0,A and Rmem were the 
variable parameters in our fitting calculation of the i-V curves.  
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 Figure 6 shows representative comparison (A1) in the i-V curve between the 
experimental data and fitted curve using Eq. (8). The fitted curve agrees well with the 
experimental data over the entire range of i. Table 3 summarizes the parameters of the 
fitted curves. In the fitting calculations, the standard deviations of i0,A and Rmem are 
about two-orders smaller than the respective fitted value. The fitted value of Rmem for A2 
and B2 was significantly larger whereas i0,A was slightly smaller than those for the 
other cells. Figure 7 shows the relationship between Rmem_cal and log dp, revealing that in 
the measured range of dp, namely, 25 – 552 μm for BPD and 10 – 107 μm for MPD, 
Rmem_cal depended on dp. This dependence indicates that the large bubbles detached from 
large pores tend to hinder the water supply to the electrode (i.e., to the membrane), and 
thus decrease the proton conductivity in the membrane. 
 Figure 8 compares the proton conductivity (κ) between the fitted value that we 
obtained here and the measured data and correlation reported in other studies [44-48]. 
In this figure, the data from Biaku et al. [49] is fitted values using the i-V curves of PEM 
electrolysis, the same as done here in our present study. The range of fitted values from 
our study is lower than the data from Zawodzinski et al [45] and Kopitzke et al [47] As 
we previously reviewed [50], κ of a membrane decreases when the membrane is 
pretreated by drying at elevated temperature over 100 °C. The data from Parthasarathy 
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et al. [44] was obtained for a membrane with the drying pretreatment at elevated 
temperature, whereas that from Zawodzinski et al. [45] and Kopitzke et al. [47] was 
obtained for a membrane without such treatment. Because the MEA that we used was 
fabricated by hot-pressing and thus dried at an elevated temperature over 100 °C, the κ 
range in our study is reasonable. 
 In the present analysis on the overpotential, since the simple model (Eq. 8) was 
applied, the difference of the cell voltage was represented only by the difference of the 
Rmem. However, there is a possibility that the Rmem depends on i and the overpotential 
contains other constituents than the anode activation overpotential and the ohmic 
overpotential (i.e., the concentration overpotential and the cathode activation 
overpotential). As for these ambiguous points, it is planned to pursue a close 
investigation in future.  
 
4. Conclusions 
The effect of changes in pore structure of the anode current collector on PEM 
electrolysis performance was experimentally investigated using a small cell with 
various Ti-felt substrates of different fiber diameter and porosity and with Ti-felts 
loaded with Ti-powder as the anode current collectors. The pore diameter of these cells 
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was measured by capillary flow porometry. 
Experimental results show that, when the mean pore diameter of the porous 
current collector was larger than 10 μm, the electrolysis performance improved with 
decreasing pore diameter, regardless of the type of porous current collector studied here. 
In contrast, changes in porosity had no significant effect on the cell performance when 
the porosity exceeded about 0.50. The results also revealed that (a) the pore diameter 
affects the flow regime, (b) mass transfer of liquid water to the electrode surface might 
be restricted by bubbles in the channel, and (c) larger bubbles generated from larger 
pores tend to become long slugs and thus hinder the water supply to the membrane. 
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Nomenclature 
A  electrode surface area, m2 
B  capillary constant 
a  cross-sectional area of flow channel, m2 
chand   hydraulic diameter of the channel, mm 
bd   bubble diameter, μm 
b-detd   detachment bubble diameter, μm 
pd   pore diameter of the porous media, μm 
p-orid   pore diameter of orifice, μm 
F   Faraday constant, C mol-1 
G  mass flux in the channel, kg m-2 s-1 
i   current density, A cm-2 
0i   exchange current density, A cm
-2 
bl    length of a bubble in the channel, mm 
M   molar weight, kg mol-1 
chann   number of channels in parallel in the flow field 
P   pressure, Pa 
Q    flow rate of circulating water, m3 s-1 (L min-1) 
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R   gas constant, J mol-1 K-1 
eleR   electronic resistance, Ω cm
2 
ionR   ionic resistance, Ω cm
2 
memR   membrane resistance, Ω cm
2 
T   temperature, K (°C) 
V   cell voltage at electrolysis, V 
z   stoichiometric coefficient for transferred electron 
 
Greek symbols 
α   charge transfer coefficient 
γ   surface tension, N m-1 
ε   porosity 
θ   contact angle, ° 
ρ   density, kg m-3 
φ   fiber diameter, μm 
 
Subscripts 
A  anode 
27 
 
C  cathode 
circ  circulation 
cons  consumption 
drag  drag 
G  gas 
H2O  water 
L  liquid 
O2  oxygen 
 
Abbreviations 
BOP  balance of plant 
BPD  bubble point diameter 
CFP  capillary flow porometry 
DMFC  direct methanol fuel cell 
GDL  gas diffusion layer 
MEA  membrane electrode assembly 
MPD  mean pore diameter 
PEM  proton exchange membrane 
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PEMFC  proton exchange membrane fuel cell 
PTFE   polytetrafluoroethylene 
URFC  unitized reversible fuel cell 
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Figure captions 
Figure 1. Schematic of (A) capillary flow porometry (CFP) measurement and (B) gas 
flow rate characteristics and definition of bubble point diameter (BPD) and mean pore 
diameter (MPD) for CFP measurement with curves of “wet flow”, “dry flow”, and 
“half-dry flow”. 
 
Figure 2. Current density (i) and voltage (V) of a PEM electrolyzer with different anode 
current collectors of (A) bare Ti-felt (A1, A2, A3) and (B) Ti-powder loaded Ti-felt (B1-2, 
B2, B3). Cell temperature (Tcell) was 80 °C. 
 
Figure 3. Cell voltage at 1.017A/cm2 versus (A) bubble point diameter (BPD) and (B) 
mean pore diameter (MPD) for Ti-felt substrates with and without Ti-powder loading as 
the oxygen-side current collector. 
 
Figure 4. Schematic flow patterns of gas-liquid two-phase flow in channels.  
 
Figure 5. Flow regime maps expressed by superficial velocity of gas (jG) and liquid (jL), 
(A) by Mishima and Hibiki [30] and Ide et al. [32,33], and (B) by Mishima and Hibiki 
and Cubaud and Ho [28]. Symbols indicate our calculated velocity in the channel of 
PEM electrolyzer from inlet to exit at each current density i at 80 °C and a flow rate of 
circulating water of 25 mL/min. 
 
Figure 6.  Representative comparison of current (i) – voltage (V) characteristics 
between experimental data (symbols) and fitted curve (line) using A1 as an example. 
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Figure 7.   Calculated membrane resistance (Rmem_cal) versus logarithm of the pore 
diameter (dp) for bubble point diameter (BPD) and mean pore diameter (MPD). 
 
Figure 8. Arrhenius plots of proton conductivity (κ) of a Nafion membrane immersed in 
liquid water reported in literature [44-49], correlations presented by Springer et al. [46] 
and Kopitzke et al. [47], fitted values with electrolysis data [49], and fitted value 
obtained in the present study. 
 
Table 1.  Properties of anode current collectors in the PEM electrolysis test. 
 
Table 2.  Parameters used in Eq. (4) to calculate the quality at the exit (xexit) of the 
anode channel of a PEM electrolyzer. 
 
Table 3.  Parameters calculated using Eq. (8) and standard deviation of fit to 
experimental data. 
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Figure 1. Schematic of (A) capillary flow porometry (CFP) measurement and (B) gas 
flow rate characteristics and definition of mean pore diameter for CFP measurement 
with curves of “wet flow”, “dry flow”, and “half-dry flow”. 
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Figure 2 
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Figure 2. Current density (i) and voltage (V) of a PEM electrolyzer with different anode 
current collectors of (A) bare Ti-felt (A1, A2, A3) and (B) Ti-powder loaded Ti-felt (B1-2, 
B2, B3). Cell temperature (Tcell) was 80 °C.  
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Figure 3. Cell voltage at 1.017A/cm2 versus (A) bubble point diameter (BPD) and (B) 
mean pore diameter (MPD) for Ti-felt substrates with and without Ti-powder loading as 
the oxygen-side current collector. 
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Figure 4. Schematic flow patterns of gas-liquid two-phase flow in channels. 
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Figure 5 
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Figure 5. Flow regime maps expressed by superficial velocity of gas (jG) and liquid (jL), 
(A) by Mishima and Hibiki [30] and Ide et al. [32,33], and (B) by Mishima and Hibiki 
and Cubaud and Ho [28]. Symbols indicate our calculated velocity in the channel of 
PEM electrolyzer from inlet to exit at each current density i at 80 °C and a flow rate of 
circulating water of 25 mL/min. 
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Figure 6 
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Figure 6.  Representative comparison of current (i) – voltage (V) characteristics 
between experimental data (symbols) and fitted curve (line) using A1 as an example. 
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Figure 7 
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Figure 7.   Calculated membrane resistance (Rmem_cal) versus logarithm of the pore 
diameter (dp) for bubble point diameter (BPD) and mean pore diameter (MPD).  
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Figure 8 
 
2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4
-4.0
-3.5
-3.0
-2.5
-2.0
-1.5
-1.0
 Calculated by the present study
Kopitzke et al. [47] 
 Parthasarathy et al. [44]
 Zawodzinski et al. [45]
 Koptizke et al. [47]
 Doyle et al. [48]
 Biaku et al. [49]
 
 
ln
(k
 [S
 cm
-1
])
1000/T [103K-1]
Correlation of Springer et al. [46] (l=22)
 
 
 
Figure 8. Arrhenius plots of proton conductivity (κ) of a Nafion membrane immersed in 
liquid water reported in literature [44-49], correlations presented by Springer et al. [46] 
and Kopitzke et al. [47], fitted values with electrolysis data [49], and fitted value 
obtained in the present study.
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Table 1 
 
Table 1.  Properties of anode current collectors in the PEM electrolysis test. a 
 
Cell 
set-up 
notation 
Current collector substrate 
at oxygen-side 
Fiber diameter 
of Ti-felt 
( φ ) 
Porosity of 
Ti-felt 
( ε ) 
Ti powder 
loading b 
Bubble 
point 
diameter 
(BPD) c 
Mean pore 
diameter 
(MPD) c 
[μm] - [g/cm3] [μm] [μm] 
A1 Ti-felt 
20 
0.75  - 90.2  38.6  
B1-1 Ti-felt + Ti powder 0.73 d 0.11  72.7  31.9  
B1-2 Ti-felt + Ti powder 0.71 d 0.20  95.4  35.5  
B1-3 Ti-felt + Ti powder 0.68 d  0.30  70.8  29.5  
A2 Ti-felt 
80 
0.75  - 551.5  97.4  
B2 Ti-felt + Ti powder 0.73 d 0.20  264.0  106.5  
A3 Ti-felt 
20 
0.50  - 43.1  21.2  
B3 Ti-felt + Ti powder 0.46 d 0.20  24.6  10.1  
a: Cathode current collector was the commonly used carbon paper. 
b: Calculated based on amount of loaded Ti-powder and outer geometric dimension of Ti-felt substrate. 
c: Measured by capillary flow porometry using the bubble point technique. 
d: Calculated based on amount of loaded Ti-powder. 
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Table 2 
Table 2.  Parameters used in Eq. (4).  
 
Equation
mass flux of produced
oxygen gas
mass flux of circulating
water
mass flux consumed by the
anode reaction
mass flux of the water
dragged by electro-osmosis
drag coefficient Ref. 42
Parameter
2O
G 2O
chan4
iAM
Fn a
circG
consG 2H O
chan2
iAM
Fn a
dragG 2H Odrag
chan
iAM
n
Fn a
dragn drag 0.0134 0.03n T= × +
2H O
chan
Q
n a
ρ
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Table 3. 
 
Table 3.  Parameters calculated using Eq. (8) and standard deviation of fit to experimental data. 
 
Cell 
set-up 
notation 
Exchange 
current density 
of anode (i0,A) 
Membrane resistance 
(Rmem) 
Standard 
deviation of i0,A 
Standard deviation 
of Rmem 
[A cm-2] [Ω cm2] [A cm-2] [Ω cm2] 
A1 9.382E-06 0.12365  2.407E-07 0.00160  
B1-1 1.143E-05 0.12640  4.491E-07 0.00246  
B1-2 1.161E-05 0.12423  3.119E-07 0.00168  
B1-3 1.235E-05 0.12053  3.796E-07 0.00192  
A2 8.069E-06 0.14675  1.012E-07 0.00078  
B2 1.003E-05 0.14338  2.726E-07 0.00170  
A3 1.057E-05 0.12712  1.558E-07 0.00092  
B3 1.309E-05 0.12125  3.682E-07 0.00176  
 
 
